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Abstract: This paper aims to form a unified concept of the integrated use of different wastewater
treatment methods to form a resistant biological treatment stage of technological systems under
the influence of such toxic factors as antibiotics and surfactants. The processes of mechanical
treatment, ozonation, UV irradiation, and electrolytic anodic oxidation were implemented in an
electrotechnological wastewater treatment facility. Wastewater treatment quality was determined
by the concentration of nitrogen compounds in aqueous solutions according to the method of
Lurie. Biodiagnostics of the investigated activated sludge via surfactant action was carried out
at polyethylene oxide concentrations of 10, 30, and 50 mg/dm?. As a result of experiments on
wastewater treatment after aquaculture, an improvement in the reduction of pollutants only by the
indicator “nitrate concentration” was determined: by 20% after anodic oxidation, and by 15% after
photolysis. At almost all surfactant concentrations studied, the activated sludge was not completely
recovered, which was expressed in a decrease in its quantity and in the inability to aggregate flakes
of activated sludge. The diameter of the growth retardation of the standard disk with antibiotic
(amoxiclav) by the accumulative culture of activated sludge was 17.3 + 2 mm at a concentration of
4 mg/dm?3 and 31.3 + 3 mm at a concentration of 6 mg/dm3. In the process of studying the state
of the activated sludge’s biocenosis under the influence of such toxicants, several regularities were
revealed. The directions of using combined approaches of water treatment and wastewater treatment
were defined. The structural model of treatment facilities using aerobic and anaerobic bioprocesses
together with advanced oxidative technologies was substantiated.

Keywords: combined wastewater treatment; aerobic and anaerobic bioprocesses; advanced oxidative
technologies; toxicants; combined approaches

1. Introduction

The introduction of various types of toxicants—in particular, antibiotics and
surfactants—into aquatic ecosystems is becoming an increasing problem. For example,
a global problem in the conservation of aquatic ecosystems is the active pollution of
water resources worldwide with pharmaceutical products, including antibiotics, whose
concentration in some rivers of the world exceeds the safety limit [1,2].

As noted in studies, up to 90% of antibiotics used will end up in components of the
natural environment, such as soil and water bodies. Medicinal drug residues enter rivers
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from human and animal waste, as well as from suboptimal treatment facilities, including

those of pharmaceutical companies [3,4]. Additionally, antibiotics can significantly change

the biocenosis of water bodies [3].

The predominant contribution to the pollution of natural objects with non-ionic
and cationic surfactants is made by industrial enterprises and their auxiliary structures.
The latter use surfactants as high-molecular-weight flocculants in the pretreatment of
wastewater and clarification of sludge. In addition, surfactants are widely used as active
ingredients in detergents and cleaning agents, as well as in a wide range of applications
such as paints, pesticide formulations, pharmaceuticals, moisturizers, and personal care
products [1,5]. They can be divided into four main groups according to their charge:
anionic, nonionic, cationic, and amphoteric. Despite their relatively high solubility, these
compounds have moderate-to-high sorption capacity, and several intermediates are formed
during their degradation [5].

Given the high probability of some of the high-molecular-weight reagents entering the
biological treatment unit, there is a need to investigate their effects on the activated sludge’s
biocenosis in order to study the possible effects on the biological treatment process of the
wastewater. Surfactants destroy activated sludge flocs and disrupt the oxygen regime; as
such, we should expect significant destruction of zoogloea and the appearance of free-
floating cells, which leads to steady turbidity of the nadir fluid, as well as an intensive
damaging effect on hydrobionts, as confirmed by previous studies [4-6].

At the same time, in recent decades, wastewater and drinking water treatment tech-
nologies have undergone rapid development. Wastewater treatment methods are divided
into four basic groups [7,8]:

e  Mechanical methods are generally the cheapest, and are used for the separation of
suspended solids in the preliminary stage of water treatment;

e  Chemical methods are classically used to remove inorganic impurities from wastew-
ater. When treated with reagents, dissolved compounds are neutralized, and decol-
orization and disinfection take place;

e  Physicochemical methods are mainly used for the removal of coarse and fine dis-
persed particles, as well as the neutralization of colloidal impurities and dissolved
compounds;

e Biological methods of wastewater treatment are used to remove organic compounds
from wastewater. They use the ability of microorganisms to decompose organic
compounds.

It should be noted that in order to obtain high efficiency of water treatment at real
facilities, combined installations are used, including several known methods of impact
on water solutions [9]. At the same time, there is a need to implement comprehensive
solutions for intensification of purification at volley releases of toxic substances, such
as antibiotics and surfactants, since these toxicants are widely used in human activities
and their entry has a negative impact on the operation of sewage treatment plants in
both individual enterprises and municipalities. This reduces the efficiency of wastewater
treatment systems, and also suppresses the metabolic activity of various ecologo-trophic
groups involved in the biological phase of treatment.

Considering the distribution of the proportion of publications on wastewater treatment
topics (Figure 1), there has been an increase in publication activity in this area since 1970,
with an intensive build-up of research on various areas of wastewater treatment beginning
in 2005. The rapid growth of publication activity began in 2016, and peaked in 2020.
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Figure 1. Publication activity curve by year based on the Scopus database using the keyword
combination “wastewater” and “treatment”.

In recent decades, there has been a clear trend towards the mainstreaming of water
conservation issues in different regions of the world, with the formation of a number
of integrated solutions for treatment of wastewater of different origins [10,11]. Thus,
Figure 2 shows the thematic area of research according to different sources of publications,
showing that there is an interdisciplinary approach to the topic of wastewater treatment.
Publications in engineering, chemical sciences, and ecology, as well as materials science
and energy, predominate. At the interface of the sciences, there is also interaction with
the trend of engineering implementation of solutions for wastewater management and
treatment of sewage sludge, development of sustainable water management and its energy
potential, and environmental and economic justification of wastewater treatment processes.
At the same time, biological processes for wastewater and sludge treatment have been
widely used [12,13].

Special attention is given to the processes of studying the inhibitory effects of various
toxic substances on the bioprocess of wastewater treatment [14]. For example, Qiu et al. [14]
investigated the modes of operation of a hybrid membrane bioreactor with directed osmosis
microfiltration (MF-FOMBR) in the treatment of municipal wastewater. The effects of
20 commonly used antibiotics were investigated. At concentrations of 4.1-716.9 ng/L
(regrafloxacin, sulfamethazine, and cephalexin were the most common antibiotics, followed
by amoxicillin, lomefloxacin, and ampicillin), the system showed total removal of 58.9—-
100% of all antibiotics [14]. However, it is worth noting the wide range in the removal
efficiency of these antibiotics, which indicates the different levels of resistance to them of
the activated sludge’s biocenosis.

A study by Shi et al. [15] operated aerobic granular sludge (AGS) at high ammonium
concentration to remove three fluoroquinolones (FQs), i.e., ciprofloxacin, ofloxacin, and
norfloxacin at 3, 300, and 900 ng/L, respectively. The main objectives were to study the
differential distribution of antibiotic resistance genes and mobile genetic elements in the
sludge fractions in the nitrification and denitrification processes. AGS demonstrated ex-
cellent stability under the influence of FQs, with nitrite-oxidizing bacteria being more
sensitive to FQs than ammonium-oxidizing bacteria [15]. Thus, it was determined that
different ecological and trophic levels of the biocenosis have their own threshold of adapta-
tion to increasing concentrations of antibiotics, which is also important to consider when
optimizing the wastewater treatment process.
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Figure 2. Thematic areas of publications in the field of wastewater treatment according to the Scopus
database.

A study by Zhu et al. [16] described the effects of antibiotics and antibiotic-resistance
genes in biological treatment technologies and combined processes in wastewater treatment
plants. Adsorption is the main antibiotic removal mechanism for tetracyclines, fluoro-
quinolones, and macrolides, while biodegradation is the pathway for antibiotic removal
for sulfonamides and -lactams. In addition, the process of microbial co-metabolism
contributes to the biodegradation of antibiotics. Process engineering and continuous moni-
toring and control of bioremediation parameters, the flexibility of the system to adapt to
fluctuations, and capital and operating costs are all important [16].

Microbial community biodiversity is shaped by many coexisting factors, including
seasonality, the material of water system fixtures and biofilm carriers, and the location
of sampling sites. Spatial distribution analysis showed that samples collected from the
same sampling locations were similar to each other in terms of antibiotic resistance and
biodiversity; this indicates that antibiotic resistance spreads locally over small distances in
biofilm [17].

A study by Shi et al. [18] proposed an electrodialysis (ED) system, named ED anode,
which can be used in situ for the electrochemical removal of antibiotics during nutrient (N
and P) recovery from animal manure digestate, which requires further research in order to
optimize the system’s mode of operation under different environmental conditions [18].

In a study by Corada-Fernandez et al. [3], the distribution of anionic and nonionic
surfactants was studied in groundwater in the UH 05.56 hydrologic unit (Spain). Surfactant
concentrations ranging from 1.1 to 9.7 ug/L were detected, with the highest concentrations
detected in 3 of the 10 wells sampled. The aquifer was dominated by oxic conditions
and pH ranges from 6.5 to 9. The presence of surfactants was the result of agricultural
irrigation with water from the river mixed with treated wastewater. It is worth noting that
surfactants are currently used in pesticides, so their presence is also due to agricultural
management [3].
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A study by Kruszelnicka et al. [19] focused on evaluating the performance of two types
of domestic wastewater treatment plant: a wetland wastewater treatment plant (ORS type),
and an SBR-type wastewater treatment plant (SBR-K-6 type). At the ORS- and SBR-K-6-
type wastewater treatment plants, the anionic surfactants were removed up to 98 and 88%,
respectively. A lower removal efficiency was achieved in the case of non-ionic surfactants,
which reached 76% for the ORS-type facility and 56% for the SBR-K-6-type facility; this
demonstrates the need for comprehensive solutions that address the technological mode of
operation of treatment plants [19].

Despite numerous publications on the problems associated with proper management
of this type of wastewater treatment plant, none of the studies take into account the
operating conditions of activated sludge and, in particular, the effects of surfactants on
activated sludge. The evaluative analysis conducted shows that the treatment and daily
care of surfactant concentrations in wastewater can harm the performance of domestic
wastewater treatment. It is very important that these products can be used in care after the
dilution recommended by the manufacturers. Research has also shown that sludge is highly
resistant to single doses of wastewater with high concentrations of anionic surfactants [20].
However, such concentrations should not be routinely fed into domestic wastewater, due
to limited activated sludge capacity and limited adsorption of biodegradable surfactants.
It is also recommended to periodically check the content of anionic surfactants in treated
domestic wastewater, due to their negative effects on soil and vegetation [20].

A separate direction has been the use of advanced oxidation processes (AOPs) [21] for
wastewater treatment tasks, which include several advanced technological solutions, such
as homogeneous and heterogeneous photocatalytic processes, ozonation, variants of the
Fenton process, ultrasonic treatment, wet oxidation, oxidation in supercritical water, plasma
processes, ferrate and persulfate technologies, use of ionizing radiation, and microwave
treatment.

The use of Fenton’s reagent when irradiating the aqueous solution with ultraviolet
light (wavelength 254 nm) and controlling the pH values allows for deep destruction of
organic pollutants, with an efficiency of more than 80% [22].

The combination of ultraviolet irradiation (wavelength 254 nm) and the application
of hydrogen peroxide (H,O5), in addition to the oxidation of contaminants, enhances the
complex effect of disinfection of the treated medium by at least 20-fold [23].

The use of a strong oxidizing agent such as ferrates (VI)—which are among the most
powerful existing oxidizers and, due to their action, decompose many toxic chemicals into
low-toxicity products, as well as causing the death of microorganisms due to their disin-
fecting action—should be singled out separately. In an acidic environment, the potential
of FeO,4?~ ions is higher than that of ozone, and is the highest among the currently used
compounds [24]. At the same time, even the AOP technologies used must be an integration
of two or more processes. Furthermore, nanotechnology can be applied in wastewater
separation, bioremediation, and disinfection [25]. Wu et al. studied vacuum filtering and
mixed-polymer e-spinning membranes made from Fe-containing nanomaterials to remove
Cd?* ions from neutral aqueous solution [26].

In a study by Saaremade et al., Ca—Fe oxide pellets were studied as a potential sorption
material for established wetlands. However, the weaknesses of this material for sorption fil-
ter systems were noted: mass loss caused by rapid dissolution of gypsum, increased sulfate
and calcium concentrations in the water, and rapidly changing hydraulic conductivity [27].

In a study by Muszynski et al., wastewater from a cosmetic factory was treated with a
combined light/Fe’ /H,O, process, followed by biological treatment. The light/Fe’ /H,0,
process with doses of 1000/2280 mg /L Fe®/H,0, and a process time of 120 min resulted in
70% removal of COD. The chemically treated wastewater was subjected to biological
treatment, resulting in an overall COD removal of up to 97.7%. Untreated cosmetic
wastewater subjected to biological treatment caused serious changes in the microbial
community structure, resulting in a significant decrease in the removal efficiency of organic
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carbon, nitrogen, and phosphorus [28]. The results indicate the feasibility of further
research on the combination of AOP processes with bioremediation.

Thus, the problem of wastewater treatment must be considered comprehensively,
combining different technological solutions with a combination of treatment methods to
achieve the most sustainable operation of treatment plants.

This study aims to form a unified concept of the integrated use of different methods
of wastewater treatment to form a stable technological system under the influence of toxic
factors such as the intake of antibiotics and surfactants.

The set objectives of the study are:

e  To study the wastewater treatment of closed-loop water supply installations (CLWSI)
from nitrogen compounds using AOPs;

e To research the effects of antibiotics and surfactants on the activity of biological
processes;

e To develop an integrated model for combining biological processes and AOPs in
wastewater treatment.

2. Materials and Methods
2.1. Experimental Electrotechnological Water Treatment Complex

To treat the water solution of the closed-loop water supply plant for the cultivation of
hydrobionts, the parallel AOP module was connected to the existing industrial equipment
(Figure 3).

Water supplied to compensate
for its losses in technological
processes

Closed water supply
installation for the

Water treatment

module based on

cultivation of AOPs processes

hydrobionts

Figure 3. Scheme of connection of the AOP module to a closed-loop water supply system for the
cultivation of hydrobionts.

The processes of mechanical purification (filter sieve and laminar settling tank), ozona-
tion, UV irradiation, and electrolytic anodic oxidation were implemented in the electrotech-
nological water treatment complex (Figure 4).

The stages of experimental flow-through treatment were as follows (Figure 4):

Mechanical separation of pollutants (filter sieve and laminar settling tank);
Water supply to the electrolysis unit for anodic oxidation of pollutants;
Ozone supply to the reactor-mixer to implement the photolysis process (synergistic
oxidative process of ozone and ultraviolet irradiation);

e Analysis of quality indicators of water solution by the concentration of nitrogen
compounds (i.e., ammoniacal nitrogen, nitrites, nitrates).
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Figure 4. The structural diagram of the electrotechnological water treatment complex using AOPs (ozonation, UV irradiation,
and electrolytic anodic oxidation).

To ensure the course of electrolysis processes, a diaphragm electrolyzer with an
inactive membrane (anode and cathode were made of electrode graphite; in the anode
were additional poured shavings), a volume of 3 L at a current strength of 10 A was used;
electrolysis time was 120 s.

The ozonator provided ozone generation with a production capacity of 6 g/h. The
UV-irradiation unit operated at a “germicidal” wave with a frequency of 245 nm, a power
of 55 watts, and a photolysis treatment time of 20 min.

Water treatment quality was determined by the concentration of nitrogen compounds
in aqueous solutions according to Lurie’s methodology [29].

Two types of CLWSI circulating water were treated:

- Type 1: Aqueous solution 14 h after feeding the fish and 8-fold turnover through a
filter sieve and laminar sump: characterized by translucency of 87.3%; no fat stains;

- Type2: Aqueous solution 2 h after feeding the fish and 1-time turnover through a filter
sieve and laminar sump: characterized by translucency of 72.4%, with significant fat
stains caused by residual feed and a yellowish hue caused by the presence of organic
colloidal particles.

2.2. Methods of Microbiological Research of the Effects of Antibiotics and Surfactants on the
Biocenosis of Activated Sludge

The activated sludge was taken from the operating treatment facilities of the MHP
“Orel-Leader”, which is the largest integrated poultry farm in the Dnepropetrovsk region. In
2012, it commissioned an anaerobic digester in the village of Elizavetovka, which produces
20 million m® of biogas annually, from which it continuously produces 5 megawatt hours
of electricity, as well as 119,000 million BTU of recovered heat.

To Study the resistance of activated sludge biocenosis to antibiotics, we used the agar
diffusion method to determine the sensitivity of the activated sludge’s biocenosis to a
widespread group of antibiotics [30].

Nutrient medium was prepared on nutrient agar. The nutrient agar (manufacturer LLC
“Farmaktiv”, Kyiv, Ukraine) was composed of enzymatic peptone (10 g/dm?), microbial
agar (10 g/ dm?), sodium chloride (5 g/ dm?), and yeast extract (2.53 g/ dm?).

The stages of using nutrient agar were:

1. Dissolve 28 g of the medium by heating in 1 L of purified water;

2. Boil for 2-3 min until all components are dissolved;

3. Autoclave for 15 min at 121 °C;
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4. Cool to 45 °C and pour into sterile Petri dishes.

pH was maintained at 7.3 £ 0.2 under 25 °C.

The seeding was performed by looping (stroking seeding) according to Gold’s method.
On the outer side of the bottom of the Petri dish, we drew delimiting lines with nutrient
agar, dividing it into 4 sectors. The analyzed activated sludge was introduced with a loop
into the first sector, drawing parallel lines across the whole sector at a distance of about
5 mm from one another. The same loop, without changing its position concerning the
nutrient medium, drew the same lines on other sectors of the cup.

Incubation of antibiotics with activated sludge was carried out for 96 h at 25 °C. Six
repeated tests were performed to obtain reliable results.

The technique of visual assessment by the diameter of the culture growth retardation
zones was used, indicating its sensitivity to the appropriate antibiotics (Table 1).

Table 1. Interpretation criteria for the sensitivity of microorganisms of the storage culture of acti-

vated sludge.
Microbial Sensitivity Category Retal(’;dl;:::‘iA(’)':rlll mm Microbiological Characteristics
o’
Sensitive (S—susceptible) <4 Does not have resistance mechanisms
Intermediately resistant or moderately 14-18 Subpopulation between sensitive and
sensitive (I—intermediate) resistant
Resistant (R—resistant) >19 Has resistance mechanisms

A four-dose version of the nutrient agar diffusion method was used to assess the
reliability of antibiotic activity values according to the methodology [31].

At the same time, standard disks impregnated with different doses of antibiotic
solutions were introduced into Petri dishes with the following concentrations: 2 mg/dm?,
4 mg/dm3, 6 mg/dm3, and 8 mg/dm3.

For the study, we used a broad-spectrum antibiotic which is widespread in its use—
amoxiclav. Its active ingredient, amoxicillin, which is a semisynthetic penicillin (3-lactam
antibiotic), inhibits one or more enzymes during the biosynthetic metabolism of bacterial
peptidoglycan. Inhibition of peptidoglycan synthesis leads to the weakening of the cell
wall, resulting in lysis and cell death [32].

There are two mechanisms of resistance to amoxicillin/clavulanic acid:

e Inactivation by bacterial 3-lactamases that are not themselves inhibited by clavulanic
acid, including classes B, C, and D;

e  Bacterial impermeability or the reflux pump mechanism can cause or contribute to
bacterial resistance, particularly in Gram-negative bacteria.

The resistance limit value (R) was > 8 mg/ dm3.

Biodiagnostics of the effect of surfactants on the tested activated sludge was carried out
at the following basic indicators: COD 550 mg/dm?3, with the surfactant at concentrations
of 10, 30, and 50 mg/ dm?3, and a mandatory evaluation of the initial condition of the
bioagent. The initial conditions were without a surfactant. We studied the effect of a
nonionic surfactant—polyethylene oxide.

To obtain correct and reliable information, microbiological studies were carried out in
3 repetitions, with an exposure time of 16 h.

Live preparations for the study of motility were prepared using the crushed drop
method; morphological features and cell wall type were also studied on permanent prepa-
rations with Gram staining [33].

3. Results and Discussion
3.1. Investigation of Purification of Wastewater from Nitrogen Compounds Using AOPs
The water treatment quality results using AOPs are shown in Figure 5; these are

quite consistent with the results obtained in previous studies using a combination of UV
irradiation and the addition of hydrogen peroxide [23]. The comparison with these results
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is fair because, before reaching the photolysis unit, the aqueous solution passes through an
electrolysis unit where, among other things, it is also saturated with hydrogen peroxide.

(a) Nitrate concentrations
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Figure 5. The results of experimental studies on the purification of wastewater from nitrogen
compounds from CLWSI using AOPs.

At the same time, the increase in values of pollutants at the stage of anodic oxidation
(on average by 59%) should be noted: ammoniacal nitrogen by 50%, nitrites by 67%, and
nitrates by 60%. This can be explained by the process of oxidation of organic nitrogen (total
nitrogen) along the chain “total nitrogen — ammonium nitrogen — nitrites — nitrates”,
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and by the insufficient oxidative potential for the destruction of pollutants by anode
oxidation alone.

Such conclusions are confirmed by the results of purification of the solution sampled
2 h after fish feeding, and its 1x turnover through the filter sieve and laminar settling tank.
An improvement in the reduction of pollutants only by the indicator “nitrate concentration”
was recorded: by 20% after anodic oxidation, and by 15% after photolysis. On the other
hand, a negative result was obtained for ammoniacal nitrogen and nitrites (the situation
worsened on average by 150% for all of the processes)—an increase in the concentration
of pollutants. The concentration of ammoniacal nitrogen increased by 150% after anodic
oxidation and photolysis; nitrite concentration increased after anodic oxidation by 100%,
and after photolysis by 200%. The presented results are consistent with the findings of [34].
It can be reasonably assumed that the deterioration of the cleaning effect was caused by the
excessive presence of organic pollutants—primarily organic (total) nitrogen—compared
to the complex oxidative potential of the system “anodic oxidation + photolysis”. In this
case, the term “complex oxidative potential” implies not only the process of pollutant
destruction itself, but also all accompanying and critically necessary physical and chemical
processes.

Accordingly, the experimental studies (Figure 6) fully confirmed the preliminary con-
clusions about the blocking of oxidant synthesis by organic pollutants, their transportation
to the necessary reaction zones, and their effective use.

.
s

Yy

5
»

Figure 6. Deflocculation of activated sludge flakes when adding a sludge mixture with non-ionic
surfactant at different concentrations, per gram, magnification x40: (a)—control; (b)—surfactant =
10 mg/ dm3; (c)—surfactant = 30 mg/ dm3; (d)—surfactant = 50 mg/ dm3.
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At the same time, based on the experimental evaluation of the action of AOPs on
nitrogenous pollutants, the need to combine oxidative processes with other methods of
water treatment—for example, based on biological approaches—is fully confirmed.

3.2. Modeling the Effects of Antibiotics and Surfactants on the Activity of Bioprocesses

Based on the obtained quantitative data, the diagram in Figure 7 shows the diameter
of the antibiotic growth suppression zone.

4 mg/dm? 6 mg/dm? 8 mg/dm? Control

Average of 6 series of experiments at different doses of antibiotic

Figure 7. Interpretation of the results of determining the sensitivity of the storage culture of activated sewage sludge.

In in vitro experiments in all Petri dishes, we observed the same pattern. The value
diameter of the growth retardation of the standard disk with amoxiclav by the accumula-
tive culture of activated sludge was 17.3 & 2 mm at a concentration of 4 mg/dm? (I), and
31.3 + 3 mm at a concentration of 6 mg/dm? (S). The mean growth retardation when cul-
tured with an antibiotic concentration of 2 mg/ dm?3 and without antibiotic was 4.7 + 2 mm
and 3.2 & 2 mm (R), respectively, which shows the insensitivity of the accumulative acti-
vated sludge culture to low concentrations of this antibiotic. The zone of stunting around
the disc with amoxiclav at a maximum dose of 8 mg/dm?® was the largest in all dishes, and
was 40.8 & 5 mm (S).

To distinguish between the three categories of sensitivity (or resistance), the so-called
breakpoint concentrations of the antibiotic (or borderline values of the diameter of the zone
of microbial growth suppression) are used.

During the first 24 h, colonies began to grow; by the fourth day, colonies filled almost
the entire surface of the growth medium, except for circles of different diameters around
several standard disks with different antibiotic doses.

It is worth noting that the maximum bactericidal concentrations (MBCs) are not fixed
values. They can be revised, depending on changes in the sensitivity of the microbial popu-
lation in the activated sludge’s biocenosis, which is consistent with previous studies [14,16].

The high duration of inhibition of the active biomass in the presence of non-ionogenic
surfactant should be noted. At almost all concentrations studied—even at the minimum
concentration of 10 mg/dm3—the activated sludge was not completely recovered, which
was expressed in a decrease in its quantity and in the inability to aggregate flakes of
activated sludge at the end of the indication process (16 h) compared to the initial content
(Figure 8).
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Figure 8. Systemic combination of biological processes and AOPs in wastewater treatment (averaging devices, sand traps,
and other pretreatment elements are not specified).

Increasing the concentration of surfactants significantly worsened the condition of
the mixed population of microorganisms, as evidenced by the process of deflocculation
of activated sludge observed by visual inspection using light microscopy (Figure 7). The
recovery potential of activated sludge at the end of the biological wastewater treatment
process was significantly influenced by its initial condition, indicating the need for the
long-term regeneration of impaired activated sludge, as confirmed in several previous
studies [5,19].

Thus, the results of this experiment cannot be accepted as positive, even at a surfactant
concentration of 10 mg/dm?>. This has a negative effect, which may be associated with
structural changes in the qualitative composition of the microbiocenosis, leading to a
decrease in species diversity, which confirms the results of previous studies [5,6,20]. A
well-functioning activated sludge system always depends on a wide range of species within
it, which has also been noted in [19]. When exposed to various unfavorable factors, there
is a high probability that overly sensitive and less adapted species will leave the given
community, and that their ecological niches will be occupied by the most adapted species
and, as a whole, the community can continue its existence. However, from a practical point
of view, considering the activated sludge’s biocenosis as a biological system of wastewater
treatment for various kinds of pollutants, such shifts in species composition will negatively
affect the processes of removing a wide range of substances and water treatment in general,
as confirmed in previous studies [5,13,19,35].

3.3. Development of an Integrated Model for Combining Biological Processes and AOPs in
Wastewater Treatment

In Table 2, we list the main technological disadvantages for the systems of physical
(mechanical), chemical, and biological methods of purification.

As can be seen from Table 2, the physical methods include filtration, centrifugation,
ultrasound, ozonation, etc., while the chemical methods include the use of various reagents,
realization of processes of coagulation, flocculation, chlorination, etc. Thus, in the very
principles of their implementation, AOPs, in a broad sense, are a set of chemical treatment
procedures designed to remove organic (and sometimes inorganic) materials from water
and wastewater. However, in actual wastewater treatment applications, the term usually
refers more specifically to a subset of such chemical processes that use ozone (O3), hydrogen
peroxide (HyO;), and/or UV light. One of these types of processes is called in situ chemical
oxidation.
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Table 2. Types of technological disadvantages according to different methods of wastewater
treatment.

Disadvantages of Physical (Mechanical) Methods

- Possibility of creation, as a result of partial clogging of filtering elements, of bacterial
colonies on operating water treatment facilities (filters);

- Accumulation of filtered masses harmful to both people and the environment (filters,
centrifuges, settling tanks, hydrocyclones);

- Exclusively continuous flow-through operation (filters, centrifuges, hydrocyclones);

- Destruction only of viruses, microbes, and bacteria themselves, and not of their more
harmful products (ultrasound, irradiation, ozonation);

- Destruction of useful (necessary for humans) microflora (ultrasound, ozonation, irradiation);

- Limited aftereffect and penetration at high concentrations of pollutant (ozonation,
irradiation, ultrasound).

Disadvantages of Chemical Methods

- The possible formation of new compounds as a result of chemical reactions that are more
harmful to humans and the environment than the original pollutants (all methods);

- Accumulation of a large volume of harmful “used reagent + pollutant” complexes
(coagulation, flocculation);

- Destruction of useful microflora (chlorination);

- Presence of a reagent farm, which is itself a pollutant (all methods).

Disadvantages of Biological Methods

- High requirements for compliance with technological and regime parameters of
bioprocesses (temperature, pressure, ORP, incoming water composition, frequency of
additional nutrients, hydraulic retention time of activated sludge); significant energy costs
or possible deterioration of treatment efficiency (all methods);

- Low level of adaptation to the existing “salvo” releases of chemically active harmful
substances (all methods);

- Greater complexity and cost of intensification (acceleration) of purification processes
(vermiculture, biological ponds).

From the technological point of view, the development of new methods of using water
treatment and water purification technologies is prompted by their known operational
drawbacks, which have been investigated in several works [10,11,13,19].

It is worth noting that a common disadvantage of these methods is that dozens of
water quality and process parameters must be monitored in real time, and only a few
automated measuring devices exist and work reliably at industrial facilities. It is necessary
to take into account the qualitative and quantitative parameters of the operation of the
activated sludge biosystem in order to form a dynamic equilibrium in its species diversity
for the most effective destruction of organic pollutants.

Thus, a promising direction is the use of methodological approaches of aggregation
of different basic approaches to water treatment. For example, the analysis of industrial
systems, in the case of a combination of basic methods (necessary for the treatment of
industrial effluents), showed the overlapping effect of different equipment on the same
pollutants: the cross-effect of different methods on one type of pollutant varies from 5 to
40% [7]. Based on the results obtained, the sequence of creating water treatment systems
with enhanced functionality, and their ability to effectively counteract emergencies, the
method of combining solutions for removing pollutants from effluents is justified [36,37].

For an example of a combination of different basic solutions, consider the use of
biological processes as the technological core, while reducing their disadvantages with
AOPs.

Ozone, chlorine, sodium hypochlorite, hydrogen peroxide, and Fenton’s reagent
are the most commonly used oxidants. Each of these reagents has its advantages and
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disadvantages, so the introduction of advanced oxidative processes in the practice of water
treatment together with other methods also seems very relevant.

The basic advantage of biological treatment methods is their environmental friend-
liness and safety for the natural components of the environment. Difficulties manifest
themselves in the stabilization and formation of an equilibrium system between the pro-
cesses of decomposition of complex organic impurities and preservation of the constancy
of the biomass of the necessary ecological and trophic groups of microorganisms. It is
important to stimulate the development of the desired dominant species composition of
activated sludge, increasing their metabolic activity, which is possible with the use of
physical and chemical methods of activation of biological processes [36].

Inhibitors of biological processes used in wastewater treatment plants, which can
be eliminated by using AOPs, can include the entry of surfactants and antibiotics with
effluents. Thus, surfactants impair the sedimentation of wastewater and inhibit oxygen
transport to the cells of activated sludge microorganisms in aeration tanks. Increasing
concentrations of antibiotics in wastewater submitted for treatment inhibits the growth
of activated sludge microorganisms; under anaerobic conditions, the productivity of the
biosystem falls, biogas yield decreases, and incomplete denitrification with an increase in
residual pollution occurs. This also affects the composition of the sewage sludge from the
wastewater treatment plant, which is further stockpiled on sludge cards, and is not utilized
due to increased pollutant contamination [36,38].

Disadvantages of AOPs neutralized by biochemical solutions include:

- Blocking organic pollutants from synthesizing oxidants, transporting them to the
necessary reaction zones;

- Reduction of oxidation efficiency;

- Use of active oxidants to remove pollutants, which are also eliminated by cheaper and
simpler solutions.

To substantiate these directions of combinations of cleaning methods in order to level
the disadvantages of AOPs using biochemical solutions, experiments on the treatment of
aqueous solution circulating in a closed-loop water supply plant for industrial fish farming
were conducted.

Based on the above-mentioned purposes of combined use, a scheme of water treatment
is proposed (Figure 8).

Consider in more detail each of the treatment units shown in Figure 8:

- Pre-biological treatment unit (aerobic filtration): removal (partial) of pollutants that
passivate AOPs’ oxidation processes (reduce efficiency); biochemical “start-up” of
redox processes;

- Pre-oxidation module (pressurized electrolysis, anolyte generation, chlorine-derived
oxidizers): direct oxidation of pollutants, formation of pollutant complexes for more
effective biological removal, elimination of surfactants, and partial elimination of
antibiotics;

- Block of the main biological treatment (anaerobic denitrification stage): NOx reduction
to gaseous nitrogen in the process of activity of heterotrophic denitrifying bacteria,
with the formation of anoxic zones in the activated sludge flocculus against the
background of anaerobiosis of the biosystem as a whole;

- Biological processes activation module (electrolysis activation units, hydro- and ultra-
sonic cavitators, electromagnetic irradiators): intensification of biological processes of
water treatment at the stage of dephosphatation under biochemical sulfate reduction
with precipitation of heavy metals;

- AOPs pre-oxidation (sterilization) and removal of specific pollutants (photo-isolation,
Fenton reaction, pressurized electrolysis, electrokinetic oxidation) module: final elimi-
nation of pollutants of aqueous solutions submitted to oxidation (reduction), including
SPAs and antibiotics.
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The process-control module in real time: management and coordination of minimum-
reagent combination of biological processes and AOPs for wastewater treatment in real
time (by indicators: pH, COD, turbidity, ORP, silt index, conductivity, and temperature).

Using such a system (Figure 8), it is possible to apply the elements of inorganic
pollutant removal, pH correction, and other necessary solutions.

In Figure 9 we have formalized the flows of the combined wastewater treatment
system with the identification of several control parameters, grouping them into two
blocks:

1.  The basic parameters of control on the characteristic influence factors of the input
wastewater;

2. Control indicators of the biological system, which take into account the state of the
biocenosis of activated sludge when affecting the basic parameters of control.

Input flow Output flow

Basic control
parameters

contaminants
- temperamre:

- heavy metals; | indicators:
‘ - antibiotics; | -sludge index; '
- other pollutants; - species diversity of |
+ activated sludge f

Block of biological Bioprocesses
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Solid phase

Figure 9. Integrated formalized model of the combination of biological processes and AOPs in wastewater treatment.

It is important to note that the categorical parameters of biosystem state control—i.e.,
forming a response to the parameters of basic control—have a “mutual optimum” zone
of intersection. Such a zone is understood as a range of values of the parameters of the
biosystem in their combination. For example, the dependence of the sludge index on the
dose of activated sludge when increasing its sedimentation rate—this maintains a high
level of oxidation capacity of aeration tanks, determining the amount of contaminants that
can be oxidized by microbial biocenosis inhabiting a certain volume of activated sludge
or biofilm for 1 day. In this case, the oxidative capacity of biological treatment facilities
depends on the oxygen supply of microorganisms of different ecological and trophic groups
of activated sludge, and on directional change in the chemical activity of microorganisms
along the trophic chains. In the thermophilic mode, the oxidative capacity of sewage
treatment plants is increased by 1.5-2 times, but this mode is more energy-consuming than
the mesophilic one.

Thus, we assume the possibility of determining the integral function of the biosys-
tem through the weight coefficients of the main indicators of its activity—namely, the
age of sludge (days), silt index (mL/g), silt dose (g/L), the number of silt bioceno-
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sis species, the percentage ratio of the number of microorganisms by trophic groups
(cellulolytes/hydrolytes, mineralizators, oligonitrophils, ammonificators, oligotrophs)
(CFU-10°/mL), and enzymatic activity (by catalase) (mg/ dm?). Further research will focus
on the modeling of such a function, with the justification of its application to improve the
efficiency of sewage treatment plants.

4. Conclusions

The main technological disadvantages of the systems of physical (mechanical), chemi-
cal, and biological methods of treatment were grouped into a single block diagram. It was
highlighted that a common disadvantage of the methods is that it is necessary to monitor
dozens of parameters of water quality and technological processes in real time, and there is
a limited number of automated measuring devices that work reliably at industrial sites. It
is also necessary to consider qualitative and quantitative parameters of the operation of the
activated sludge biosystem in order to form a dynamic equilibrium in its species diversity
for the most effective destruction of organic pollutants. Thus, a promising direction is the
use of methodical approaches of the aggregation of different basic approaches to water
treatment. As an example of a combination of different basic solutions, the use of biological
processes as a technological core was considered, while reducing their disadvantages with
the help of AOPs.

Studies were conducted on water treatment using an electric process pilot plant to
remove contaminants from the circulating water of fish farming equipment. It was deter-
mined that the deterioration of the treatment effect was due to the excessive presence of
organic pollutants—primarily organic (total) nitrogen—compared to the complex oxidative
potential of the system of “anodic oxidation + photolysis”. This can be explained by the
process of oxidation of organic nitrogen (total nitrogen) along the chain “total nitrogen —
ammonium nitrogen — nitrites — nitrates”, and by the insufficient oxidative potential of
the destruction of pollutants by anode oxidation alone.

In an in vitro microbiological study to assess the resistance of the biocenosis to an
antibiotic such as amoxiclav, we observed the same pattern. Thus, the value of the stunting
diameter of the accumulating activated sludge culture when cultured with an antibiotic
concentration of 2 mg/ dm?® and without the antibiotic was 4.7 + 2 mm and 3.2 + 2 mm
(R—resistant), respectively, which shows the insensitivity of the accumulated activated
sludge culture to low concentrations of this antibiotic. The stunting zone around the
amoxiclav disk with a maximum dose of 8 mg/dm?> was the largest in all dishes, and
was 40.8 £ 5 mm (S5—sensitive). The results of bioindication of activated sludge cannot
be taken as positive—even at the surfactant concentration of 10 mg/dm?3, which is still
negative—which can be attributed to structural changes in the qualitative composition of
the microbiocenosis, leading to a narrowing of species diversity.

To implement the combined processes of biological treatment and AOPs, formalization
of the main functional elements of the system, in terms of comprehensive elimination of
the drawbacks of individual technological solutions of water treatment, and increasing
their effectiveness, was carried out. The proposed combination of wastewater treatment
methods can potentially be used for the treatment of wastewater from various industrial
facilities with multicomponent pollutants of organic and inorganic nature:

e Food enterprises (dairies, meat processing plants, fish processing, winemaking, cheese
factories);
Agro-industrial complexes (poultry farms, livestock farms, pig farms);
Light industry (wood processing, tanneries, cosmetology);
Communal objects.
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